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INTRODUCTION 


This report describes Aerojet TechSystems Company’s (ATC) progress and cur- 
rent status for the follow-on program for Contract NAS 8-34715, "Carbon Deposition 
Model for Oxygen-Hydrocarbon Combustion." 

The status report is comprised of six subsections: A, Objectives; B, Approach; C, 
Schedule; D, Task Descriptions; E, Current Status. Appendix A contains the CER 
Package. The Liquid-Liquid Coax Injector Concept Review is found in Appendix B. 
For the purposes of the present Status Report, the original study refers to Report No. 
2427-PP, 28 May 1982, the added scope program refers to Report No. 2427PP, 
September 1985, and the follow-on program to the present discussion. 

Understanding how and why soot is formed with certain hydrocarbon rocket 
propellants is pertinent to the selection of the best hydrocarbon fuel for future 
engines as well as the selection of the engine cycle and operating conditions. Prior 
to the original Carbon Deposition program a consistent set of data had not been 
generated over a wide range of operating conditions. The original program 
generated this consistent set of data with LO 2 /RP-I propellants over a wide range of 
operating conditions using subscale hardware. The range of conditions covered 
both main chamber and fuel-rich preburner or gas generator operating conditions. 

In the original program, deposition on the combustion chamber wall was 
investigated under main chamber operating conditions at mixture ratios of 2.0 to 4.0 
and chamber pressures of 1000 to 1500 psia. The results from this effort indicated a 
lack of significant carbon deposition on the chamber wall with LO 2 /RP-I propel- 
lants. These results showed that chamber designs cannot depend on carbon deposi- 
tion to reduce the "clean wall" heat flux for chamber pressures over 1000 psia and 
for combustion efficiencies greater than 95%. 

An added scope program focused on carbon deposition in gas generators and 
preburners. This program included propane and methane testing and comparisons 
to the RP-1 database. The prebumer test data from the added scope program 
revealed that methane gives a C* performance within 10% of the value predicted by 
the One Dimensional Equilibrium (ODE) program, while propane and RP-1 test data 


1 


Introduction (cont.) 


are within 14% and 40%, respectively, of their ODE predicted C* performances. Both 
propane and methane exhibited C* performances between 3000 to 4000 fps, while 
RP-1 showed C* performances between 1600 to 3000 fps. Gas temperatures were 
highest for propane (1100 to 1900°F) (866 to 1311 K) while with both methane and 
RP-1 between 800 to 1300°F (700 to 977 K). Methane produced no carbon, while both 
RP-1 and propane deposited carbon above a certain threshold mixture ratio. 

The results indicated that LO 2 /RP-I cannot be operated in the desirable 
temperature range (1400 - 1600°F) for gas generators without incurring substantial 
carbon buildup. On the other hand, L02/propane can be operated in the desired 
temperature range up to a maximum of 1500°F (1088 K), without carbon buildup. 
Operation with LO 2 / methane is unrestricted over the desired gas generator 
operating temperature range. At the conclusion of the added scope test program, 
there were questions over the carbon deposition characteristics of high propellant 
injection density systems. The original and added scope programs used low 
propellant injection density gas generators. The desire to support full scale gas 
generator studies resulted in the recommendation to test high injection density gas 
generators on the follow-on program. In addition, at the conclusion of the added 
scope program it was recommended that additional testing be conducted using 
liquefied natural gas (LNG) to determine carbon buildup characteristics of low purity 
methane fuel, and that fuel-rich tests be conducted using propane to further define 
the sharp transition from no carbon buildup to excessive buildup. Also, it was 
recommended that the fuel chemistry for both propane and methane be 
incorporated into the Fuel Rich Combustion Model. 

A. OBJECTIVES 

The objectives of this follow-on contract are to use the existing hardware to 
verify and extend the database generated on the original test programs. The data to 
be obtained is the carbon deposition characteristics when methane is used at 
injection densities comparable to full scale values. The data base will be extended to 
include LNG testing at low injection densities for gas generator /preburner 
conditions. The testing shall be performed at mixture ratios between 0.25 and 0.60, 
and at chamber pressures between 750 and 1500 psia. 
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B. APPROACH 

Aerojet TechSystems Company (ATC) will conduct a five task follow-on 
program to extend the carbon deposition database to include the use of LNG at low 
injection densities and methane at injection densities that replicate full scale gas 
generator operation with as much fidelity as is possible within the current hardware 
constraints. The LNG testing will be performed using the existing hardware. The 
high injection density methane testing will be performed by high injection flow rate 
constructing a new injector to meet the requirements. This injector will be used in 
conjunction with the existing carbon deposition hardware to evaluate carbon depo- 
sition of LO 2 / methane as a function of mixture ratio and chamber pressure. 

C PROGRAM SCHEDULE 

The program schedule includes 23 additional tests in Task III. Fifteen of the 
tests are scheduled for the high injection density testing and the remaining eight 
tests will occur during the LNG test series. The test activity and its accompanying 
support activities are shown in Figure 1. The scheduled technical period of perfor- 
mance is 20 months including one and one half months to obtain NASA/MSFC 
final report approval prior to publication. Timephasing and the task interrelation- 
ships are described in the next section. 

D. DETAILED TASK DESCRIPTIONS 

In support of the test activity. Task HI, several activities must be completed: 
1) gas generator requirements review; 2) hardware design and fabrication; 3) facility 
preparation and testing; 4) data analysis, and 5) reporting. This section describes in 
detail the scope of effort that will be performed on each task and its associated 
timephasing. 

1. Task 1 - Requirements 

The requirements review will be performed in two parts. At the 
program inception the existing Carbon Deposition hardware will be evaluated to 
determine the feasibility of using the existing turbine simulator, turbulence ring. 
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D, Detailed Task Descriptions (cont.) 

and exit nozzles with the increased flow rates. Life analysis predictions and 
verification of the existing hardware will be performed and will be based on the 
testing performed to date. The open literature will be reviewed to determine the 
applicable injection density to be used with the Carbon Deposition hardware to sim- 
ulate full scale gas generators. The task will conclude with a conceptual Design 
Review where an overview of the gas generator requirements and hardware evalu- 
ation will be presented. The task outputs will be a conceptual design approach for 
the injector, recommended test conditions, and determination of the adequacy of 
using the existing hardware for the higher flowrates. 

2. Task 2 - Design and Fabrication of Experimental Hardware 

Hardware design is scheduled to begin at program inception. This is 
possible because: (1) existing hardware is used as much as possible, (2) additional 
hardware pieces conform to existing hardware interfaces, (3) new hardware 
requirements were defined prior to program initiation, and (4) additional hardware 
requirements are less stringent than the original water-cooled designs. Wherever 
possible the hardware designs are direct derivatives of designs successfully demon- 
strated in one of the current or recently completed Aerojet L02/Hydrocarbon con- 
tracts. This has been done intentionally to provide justification of a design concept 
prior to its use. 

The objective of this task is to produce detailed drawings for fabrication 
of the additional test hardware. The task involves analyses and mechanical design 
activity. This section describes the factors considered during the design stage, the 
supporting analyses, and the design details and features of the original hardware 
and, the new, uncooled hardware. 

Three basic test assemblies are planned, one to simulate gas generator or 
prebumer at low injection density conditions consistent with the current database 
and two at high injector densities. The two high injection density injectors are of 
the triplet and coax designs. To obtain the maximum experimental test data at 
minimum cost, the proposed test hardware is of modular design. The bolted 
module concept provides the greatest test hardware flexibility. Many of the compo- 
nents of the preburner assembly are interchangeable. 
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D, Detailed Task Descriptions (cont.) 

a. Hardware Preparation 

The hardware preparation will be performed in two parts. 

Beginning in the middle of program month two, the design modifications to 
existing hardware (turbine simulator, turbulence ring, and exit nozzle) will be per- 
formed. During this period the access port will be designed. Its function is o pro- 
vide access to the upstream side of the turbine simulator to permit photograp ic 
documentation of carbon buildup after each test. 

The detailed injector design will begin in month four. The design 
modifications to the existing injector manifold and faceplate will be P« f °™ ed ; T e 
injector faceplate design will incorporate elements as similar as possible to those 
identified for use in full scale, state-of-the-art L0 2 /hydrocarbon booster engine^ 
Detail drawings of the injector shall be prepared and existing drawings modified as 
required. Completion of the drawing package will be supported by the Project Office, 
Design Thermodynamic and Stress analysis, and producibihty. A Final Design 
p e Tw L L injector will be conducted with the partidpafion of the Project Office^ 
Design, Analysis, Producibility, the Development Labs, Drafting, "A’ Test Area, 

Data Services. 

b. Hardware Fabrication 

A list of test hardware to be fabricated or modified for the follow-on 
contract is shown in Table I. Hardware fabrication will be initiated in the middle of 
he third program month. Fabrication of the high injection density injector was 
wun a, the start of program month eight and will be completed by the end of 
program month eleven. Fab of the liq/liq coax is planned to begin in program 
month fourteen and be completed after month seventeen. 

Test hardware will be fabricated at Aerojet TechSystems' approved 
vendor shops. Vendors will be selected on the basis of schedule requirements, qual- 
ity requirements, and cost. The project engineer will coordinate the fa nc 
effort utilizing the Task 2 engineering drawings produced by the mechanical des g 

department. 
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CARBON DEPOSITION STUDY ADDED SCOPE HARDWARE LIST 

Quantity 

Preburner/Gas Generator 2 

Turbine Simulator 2 

Exit Nozzle 1 

Turbulence Ring 1 

Access Port * 
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D, Detailed Task Descriptions (cont.) 

3. Task 3 - Testing 


Testing will be divided into five activities: (1) facility preparation, 

(2) test planning and critical experiment reviews, (3) checkout tests, (4) high injec- 
tion density carbon deposition tests, and (5) LNG carbon deposition testing. Hard- 
ware facility preparation for the high injection density testing will begin in the mid- 
dle of the tenth program month. The facility preparation and test planning will be 
conducted with a critical experiment review in the middle of the eleventh program 
month. Checkout for the high injection density testing is scheduled for the twelfth 
month. The high injection density carbon deposition testing is scheduled to begin at 
the start of the thirteenth month. Two months are allocated to the test series. Facil- 
ity preparation for the LNG testing began on the third program month. The test 
planning was concluded at the end of the fifth month with a critical experiment 

review. 


4. Task 4 - Data Analysis 

Task 4 is scheduled lo begin in the thirteenth program month and be 
completed at the end of the sixteenth month. 

The objective of this task is to perform detailed data analysis. The data 
analysis effort will include: (1) comparison of measured and predicted combustion 
(C*) efficiency and combustion gas temperature, (2) flow data analysis to infer 
turbine simulator C D A and carbon deposition rate, and (3) comparison of the resu s 

with the existing database. 

5. Task 5 - Reporting 

Eight bimonthly technical status reports will be published; eleven 
monthly fiscal reports will be distributed. Two program status reviews will be con- 
ducted as shown in Figure 1. The program final report draft will be submitted 30 
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D, Detailed Task Descriptions (cont.) 

days after completion of the program technical effort. Another 45 days will be 
scheduled for NASA review and subsequent ATC publication. 

E. CURRENT STATUS 

High Injection Density Injector 

Originally scheduled for completion at the beginning of August, the high 
injection density injector was finally completed on 9/14/88. The schedule slip of 6 
weeks was due largely due to a failure of the braze process by which the injector 
faceplate is attached to the body. This problem was solved after a delay of about 3 
weeks. The remainder of the schedule slippage resulted from schedule slippages on 
the part of the fabrication vendors. Once the injector was completed, the final step 
was the proof test. This test was performed by attaching the backflush fixture and 
the injector and pressurizing with water. A schematic of this arrangement is shown 
in Figure 2. The proof test was completed on 9/14/88 with the injector being proof 
to 3300 psi. A leak check using GN 2 was also performed. The injector was 
pressurized with 100 psi nitrogen and held for 2 minutes. Because of the inability to 
separately seal-off the ox and fuel circuits at the faceplate, both circuits were checked 
simultaneously at the same pressure. With the completion of the proof and leak 
checks, the carbon deposition program high injection density injector was fimshed. 

High Injection Density Testing 

Although some work could be done, the majority of the preparation work 
required for the high injection density testing had to wait until the injector was 
completed. The first tasks were to perform a pattern check and measure the Kw 
values for both the ox and fuel circuits on the injector. The pattern check showed a 
good pattern on both ox and fuel circuits. Photographs of the pattern check are 
shown in Figure 3. The Kw measured for the fuel circuit was within 4% of the pre- 
dicted value of .578 vs. .615, while the ox circuit Kw was within 2% of predicted, .155 
vs. .157. 

After the Kw measurements, the injector was cleaned to Level 400 and was 
then ready for installation. The injector was attached to the front end of the test 
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Figure 3A. Ox Circuit 
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Figure 3B. Fuel Circuit 
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Figure 3C. Both Ox and Fuel Circuits 
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E, Current Status (cont.) 


apparatus; subsequent pieces of the modular hardware were bolted into place, as 
shown in Figure 4. A total of 5 new pieces of hardware were installed to accommo- 
date the high flowrate testing, relative to the previous methane and LNG testing. 
These were the injector, turbulence ring insert, upstream L’ section, turbine simula- 
tor, and the exit nozzle. The pieces underwent, with the exception of the L' section, 
an enlargement of their respective flow areas. Boroscope ports into the upstream L 
section were enlarged from 1/4" to 1/2", allowing the passage of a larger boroscope. 
Some of the thermocouples in the L' section were damaged during this machining 
process. These were removed and replaced, and more durable fittings were welded 
into place. Additionally, pitting on the O-ring surfaces of the L' section had not 
allowed proper sealing of the test apparatus, a problem compounded by the use of 
metal O-rings. The Oring surfaces were machined to remove the pitting, which 
eliminated the problem. For the test apparatus itself, the only major refitting, other 
than the modular components mentioned, was that of the fuel and ox supply lines. 
Since the flow rates are 10 times higher than the previous testing, it was necessary to 
install larger lines. These lines transport propellant from the fuel and ox run tanks 
to the injector. The ox line went from a 1/2" line to a 3/4" line, which also required 
a larger flowmeter. The fuel line went from 1" to 1-1/2" line, and a filter and larger 
flowmeter were also installed. To accommodate the gas sampling to be done during 
the testing, a gas sampling system was installed. This consisted of a liter bottle made 
from 2" schedule 40 pipe, fitted with end caps and a pressure gauge. Hand valves on 
both ends allowed the bottle to be removed and taken to the Gas Chromatograph 
Lab. Solenoid valves in series with the hand valves allowed the bottle to be filled 
from the control room while the test was in progress. Figure 5 shows this arrange- 
ment. The boroscope apparatus for taking internal photographs remains largely as it 
was in the previous LNG testing, with the exception that the enlarged ports of the 
upstream L' section allows the use of a larger boroscope. The apparatus will accept 
both the video camera and a 35 mm camera. 

Since the flowrates of this test series are considerably larger than that of the 
previous tests, the test durations have become limited by the fuel run tank capacity. 
The fuel run tank can hold 150 gallons of propellant, or about 440 lbm of liquid 
methane. This means that at the maximum fuel flowrate of 13.7 lbm/sec, the dura- 
tion of the test is slightly over 32 seconds. The maximum test duration however is 
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Figure 5. Gas Sampling System 
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E, Current Status (cont.) 

about 100 seconds. All other tests fall in between these durations. These test 
durations, because of the very high flow rates, wiU provide sufficient time to 
determine whether carbon deposition is occurring. At this writing, the test control 
sequence will be programmed with the calculated fuel depletion time. This will 
allow the most reliable test run. 

The entire test series was reviewed and examined at a Critical Experiment 
Review (CER) held on 5 October 1988. The review package is found in Appendix A. 
Currently, it is anticipated that the testing will be completed by mid November, two 
weeks ahead of schedule and in spite of the six week delay of the high injection 

density injector. 

T.iqnid-Liquid Coax Injector 

Concurrent with the testing being done, work on the liquid-liquid coaxial 
injector is nearing completion. A concept review for the injector design was held 
on 30 September 1988. Appendix B contains the Concept Review Handout and the 
action item list. In general, the review was successful and the design was well 
received. Nevertheless, a number of action items came out of the review. All 
proved to be resolvable and the closeout of the items is imminent. The final design 
review is currently scheduled for 18 November 1988. At this review, the final 
design will be approved and, pending the closeout of any resulting action items, the 
liquid-liquid coax injector will be ready for fabrication. Figure 6 shows the current 
coax injector schedule. The drawings for the injector will be completed after the 
final design review and prior to the fabrication phase. 

F. PROBLEMS 

There were no problems during this reporting period. 
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CRITICAL EXPERIMENT REVIEW 
CARBON DEPOSITION OF LOX/METHANE 


ACTION ITEMS 



Person(s) 

Assigned 

Duration limits; fuel exhaustion 

Keller 

Werling 

Bossard 

Max allowable AP 

Bossard 

Boroscope checkout 

Keller 

Bossard 

Caron monoxide emissions less than 
550 lbm/ day 

Werling 

Methane lead time 

Werling 


A-49 


APPENDIX B 

LIQUID-LIQUID COAX INJECTOR 
CONCEPT REVIEW 
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ACTION ITEMS 
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PROGRAM OBJECTIVES 
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INJECTOR TO OPERATE AT FULL SCALE INJECTION RATES 


COAX INJECTOR OBJECTIVES 
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COMPATIBILITY WITH ALS TECHNOLOGY WHERE POSSIBLE 


INJECTOR REQUIREMENTS 


PARAMETER 

REQUIREMENT 

SOURCE 

i 

PROPELLANT 

LOX/METHANE 

CONTRACT MOD. 

INJECTOR 

ELEMENT 

LIQ/LIQ COAX 

CONTRACT MOD. 

“ TOTAL 

13-16 Ibm/sec 

PREVIOUS TESTING 

Pc 

2000 psi 1 

, REVIOUS TESTING 

MR 

.20 - .60 1 

PREVIOUS TESTING 

FUEL AND OX 
SUPPLY LINE 
PRESSURE 

< 3000 psi 

TEST EQUIPMENT 
LIMITATION 

INJECTOR 

DIAMETER 

2.38 in 

HARDWARE 

INTERFACE 

IGNITER 

GOX/GH 2 1 

PREVIOUS TESTING 

CHAMBER 

LENGTH 

20 in max. 

HARDWARE 

THRUST LEVEL 

2-3 klbf. 

PREVIOUS TESTING 
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SWIRL COAX INJECTOR ELEMENT DESIGN CRITERIA 
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OXIDIZER HALF CONE ANGLE RANGE = 15° TO 60° 
FUEL HALF CONE ANGLE RANGE = 15° TO 60° 



L02 VAPORIZATION PROFILE IS A FUNCTION 

OF CONE ANGLE 
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COMPANY 

FOR ©ox = 300 , PREFERRED FUEL CONE ANGLE 





PARAMETRIC STUDY CONCLUSIONS 



©TechSustems 

COMPANY 

“HYDRAULIC AND MECHANICAL DESIGN ANALYSES 
INDICATE MAXIMUM ALLOWABLE FUEL HALF 

CONE ANGLE = 45° 
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CARBON DEPOSITION SWIRL COAX INJECTOR 

CURRENT DESIGN POINT 
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OD FUEL ANNULUS = 0.1910 in. 
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■EXIST! NO r LANGE 


CARBON DE D OS ! T ION 
DUAL-SWiRL COAXIAL ELEMENT 
INJECTOR ASSY 
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SWIRL ELEMENT ACCESSIBILITY 
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RISK ASSESSMENT 
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1) FACE NUTS 

2) CONFINED ENVELOPE 



